The sensitivity, reproducibility and specificity of an enzyme-linked immunosorbent assay (ELISA) for the defective phage PBS ZI of Bacillus subtilis have been investigated. It was shown that phages in concentrations between IO 8 and 2.5× lO 1° particles/ml could be assayed with this method. The coefficient of variation for concentrations between 5 ×IoS and 5 × IO9 particles/ml was approx. Io ~. From some other Bacillus phages tested, only the defective phages resembling PBS ZI in morphology were detected efficiently with the ELISA for PBS ZI. A comparison is made between ELISA and other assays for PBS ZI.
INTRODUCTION
All strains of Bacillus licheniformis, Bacillus pumilus and Bacillus subtilis are lysogenic for defective .phages, characterized by a relatively small head (45 nm diam.) and a long contractile tail (I 80 to 280 nm) (Eiserling, 1964; Okamoto et al. 1968 ; Huang & Marmur, 1970; Steensma et al. I978) . Counting of these phages is hampered by their inability to produce plaques. They can only kill sensitive bacteria, without productive infection. Enumeration is possible by using radioactively labelled phages (Okamoto et al. t968 ). Alternatively, they may be counted by electron microscopy using phage T4 as an internal standard (Steensma & Sondermeijer, 1977) . Both methods have detection limits of about 109 particles/ ml in purified and Io l° particles/ml in crude preparations, and are time-consuming. Some experiments, such as adsorption studies using low m.o.i., require a highly sensitive and specific counting method. The enzyme-linked immunosorbent assay (ELISA) is a very sensitive technique for the detection of antigens and antibodies (Engvall & Perlman, I97I; van Weemen & Schuurs, t970 . We have therefore investigated the specificity, sensitivity and reproducibility of such an assay system for defective phages. The assay was based on the sandwich principle as used for detection of hepatitis B antigen (Wolters et al. I976) Phages. Production, purification and counting of the defective phages by electron microscopy (Steensma & Sondermeyer, I977; Steensma et al. I978) , and the propagation, purification and plating of the other phages (Steensma, I977) have previously been described.
Antiserum. Antiserum against PBS ZI was produced in rabbits by immunizing (intramuscularly) with 0"5 ml of purified PBS ZI suspension (5 × lO1° particles/ml) in Freund's complete adjuvant. After I month a booster injection (intravenous) containing o'5 ml PBS ZI in Freund's incomplete adjuvant was given. Titres were determined by immunodiffusion and the rabbits were bled when the titre reached I : IO24.
Conjugate. The antiserum was coupled to horseradish peroxidase by the method of Nakane & Kawaoi (I974). Protein concentrations were measured by a modification of the Lowry method (Peterson, I977) . ELISA. The 'sandwich method' used was basically similar to the ELISA employed in the detection of hepatitis B antigen (Wolters et al. I976) . The wells of polystyrene microtitre plates were coated with o.i ml antiserum diluted in carbonate buffer. The concentration of antiserum and the time and temperature of incubation were varied. Optimal conditions are shown in Table i . In order to prevent evaporation, the plates were covered with parafilm through all incubation steps. After rinsing four times with o'3 ml PBSTw, o.I ml of sample was added. Incubation was terminated by washing as before and then o.I ml of conjugate diluted in PBSTw was pipetted into each well. After incubation and washing, the bound enzyme activity was assayed by adding o-I ml of a mixture of o-phenylene diamine and urea peroxide (Wolters et al. I976) . After 3o min in the dark at room temperature, o.I ml 4N-H~SO4 was added to stop the reaction. Absorbances were measured at 492 nm by pumping the samples, separated by air bubbles, through a flow-cell having a light-path of I cm in a spectrophotometer equipped with a recorder.
RESULTS

Determination of optimal conditions for the test
Initial experiments indicated that an ELISA for PBS ZI was possible, that dilution of the antiserum in carbonate buffer gave good coating results and that the PBSTw buffer was adequate for other dilutions in the procedure. Optimization of the method, i.e. obtaining maximal colour development, was thereafter performed step-wise, starting with the coating procedure for which the best concentration, time and temperature were determined. The same was done for the reaction with the conjugate and finally for the temperature and time of the reaction with the phages. The results are summarized in Table t . They show that variations of these parameters within the limits indicated, have only a small effect on the final colour development.
Coated and washed plates could be stored for I week at -I5 °C. The activity had decreased considerably after 2 weeks at -I5 °C, 24 h at room temperature or 4 °C, even when the plates were stored in a vacuum.
Sensitivity
Using the optimum conditions listed in Table i , the sensitivity of the method has been investigated. Dilutions of a purified phage suspension, which had previously been counted with the electron microscope, were assayed by the ELISA. A typical curve is shown in Fig. I , from which it may be concluded that the sensitivity of the method for purified PBS ZI suspension, is approx. IO a particles/ml.
Accuraey
In order to obtain an impression of the accuracy of the method, forty identical samples of PBS ZI were assayed in one plate. The absorbance ranged from I-I2 to 1.68 with a mean of 1.42 and a coefficient of variation of Io~. The accuracy is lower in the non-linear parts of the curve, especially at the smaller values. Because of plate to plate variation, it was necessary to include reference samples on each plate. 0"0004 * Phage suspensions with a known titre were assayed by ELISA using PBS ZI antiserum and conjugate. The efficiency was calculated from the quotient of the titre of a PBS Zl suspension that would give the same absorbance and the titre of the phage suspension. B. subtilis W23 str r IO 9 5"0 x 1o 9 5"0 × Io 9 Ioo B. subtilis W23 str r to 9 2. 5 x io 9 3'I x io 9 i24
B. subtilis W23 str r to 9 5"0 x to 9 4"8 x IO 9 96
B. subtilis W23 str r IO a 2" 5 / IO 9 2"2 X IO 9 88 Specificity PBS ZI is serologically related to the other defective phages in the genus Bacillus. They cross-react in immunodiffusion tests with antiserum against PBS ZI (Steensma et al. I978) .
Purified suspensions of representatives from the four other morphological types were counted electron microscopically and by the ELISA. For comparison, some non-defective Bacillus phages and the Escherichia coli phage T4 were also tested. The titres of these phages were determined by plating. The results, displayed in Table 2 , confirm the close serological relationship of the defective phages, although quantitative differences between some of them have become apparent. It is interesting to note that PBS ], a phage propagated on the same host as PBS Z1 and, to a smaller extent, SF7 have a relatively high antigenic correspondence with PBS ZI. The influence of bacteria or bacterial debris was investigated by adding bacterial suspensions directly to the assay and also by using mixtures of PBS ZI and bacteria. It may be concluded from subtilis W2 3 str ~ in the absence of induction is probably due to defective phages produced by spontaneously lysed cells. This was also suggested by the discovery that the supernatant of a culture of this strain gave approximately the same extinction in this assay as the complete culture.
Application
The method was finally tested in practice by following the burst of PBS ZI after induction of its host. The result is depicted in Fig. 2 . Electron microscopy of the lysates showed that the incidence of broken and incomplete phages which might disturb the ELISA was low. For comparison, the results of an earlier attempt in which the phages were counted electron microscopically have also been displayed. It is clear that not only do the curves fit, but that, more relevantly, the sensitivity of ELISA allows the detection of the onset of the burst.
DISCUSSION
The results presented here indicate that defective phages can be assayed by the ELISA described. As indicated in Fig. I , PBS Zl in concentrations between io s and 2"5 × IO TM particles/ml may be applied directly without concentration or dilution. The most precise results, however, are obtained with concentrations between 5 × zo8 and 5 × zo9 particles/ml where the semi-log curve may be represented by a straight line. The precision at lower concentrations improves when the absorbance is measured in cuvettes with a longer light-path.
A cuvette with a 2"5 cm light-path gave good results but the upper limit of the assay decreased correspondingly. The sensitivity of the method is similar to that for other viruses. Detection limits of 5"5 × IO8 particles/ml for hepatitis B surface antigen and arabis mosaic virus and 3"6 x Io 7 particles/rnl for plum pox virus were deduced from the figures given by Schuurs & van Weemen 0977) .
Comparison of ELISA with electron microscopy using T4 as an internal standard shows that the ELISA has several advantages. The burst size experiment illustrates the higher sensitivity of the immunoassay. Furthermore, ELISA is simple, enabling the assay of approx. 90 samples per plate in a short time and does not require complicated equipment.
The precision of ELISA is similar to that of the electron microscopical method as shown by their coefficients of variation which both amount to approx. IO ~. Both methods have a similar specificity and do not require extensive purification of the virus being assayed. A disadvantage of ELISA is the requirement for antiserum and conjugate. Moreover, ELISA is an indirect method and must be calibrated with samples which have been counted in another way. This disadvantage is small as the counted phage dilutions in PBSTw remain stable for at least 6 weeks at 4 °C.
ELISA also compares well with the counting of radioactively labelled phages; sensitivity and simplicity are better for ELISA, whereas precision and specificity are approximately similar.
To our knowledge, this is the first report on the ELISA of bacteriophages. Although most bacteriophages can easily be enumerated by plating, an ELISA may also be useful for these particIes, especially when large numbers of samples must frequently be counted. The possible automation of ELISA will make it an attractive alternative under these circumstances.
